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ABSTRACT : 

PURPOSE: To provide an integrated circuit using an InP substrate on 
which 

high-speed, high-voltage heteroj unction bipolar transistors are formed. 

CONSTITUTION: A semiconductor device includes heteroj unction bipolar 
transistors formed on an InP substrate. The bipolar transistor has an 
InP 

emitter region and base region, which form a heteroj unction. The base 
region 

is composed of an InGaAs molecular layer and an InP molecular layer, 
forming a 

superlattice with a local band structure of a uniform composition. The 
average 

composition ratio of InGaAs in the superlattice increases in the 
direction from 
emitter to collector. 
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[Title of Invention] Semiconductor device 
[Abstract] 

[Purpose] The invention pertains to a semiconductor device that 
is suitable for use in an integrated circuit that consists of a 
hetero bipolar transistor and an InP substrate is used. The 
purpose is to offer a hetero bipolar transistor of high speed 
action and to offer a hetero bipolar transistor of high 
collector voltage resistance. 

[Constitution] It is a semiconductor consisting of a hetero 
bipolar transistor where the base area is formed with a emitter 
region and a hetero bond is used, • the emitter area is formed 
with InP and the semiconductor is formed on the InP substrate. 
The base area of the hetero bipolar transistor is formed from a 
molecular layer of the InGaAs and a molecular layer of InP. The 
band structure is an slim lattice structure displaying a band 
structure of a uniform composition. The average composition 
ratio of the InGaAs in the said slim lattice structure consists 
of the slim lattice structure that increases, in the direction of 
the collector from the emitter side. 
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[Scope of Patent Claims] 
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[Claim 1] The semiconductor is characterized as consisting of a 
hetero bipolar transistor where the base area (6) is formed with 
an emitter region (5) and a hetero bond, the emitter area (5) is 
formed with InP and the semiconductor is formed on the InP 
substrate. The base area (6) of the hetero bipolar transistor is 
formed from a molecular layer of the InGaAs and a molecular 
layer of InP.. The band structure is a slim lattice structure 
displaying a band structure of a uniform composition. The 
average composition ratio of the InGaAs in the said slim lattice 
structure consists of the slim lattice structure that increases 
in the direction of the collector from the emitter side. 
[Claim 2] The semiconductor is characterized as consisting of a 
hetero bipolar transistor where the base area (6) is formed with 
an emitter region (5.) and a hetero bond, the emitter area (5) is 
formed with InP and the semiconductor is formed on the InP 
substrate. The corrector area (7) of aforementioned hetero 
bipolar transistor is formed from a molecular layer of the 
InGaAs and a molecular layer of InP. The band structure is a 
slim lattice structure displaying a band structure of a uniform 
composition. The average composition ratio of the InGaAs in the 
said ultra lattice structure consists of the slim lattice 
structure that decreases as it is separated from the base area. 
[Claim 3] The semiconductor is characterized as consisting of a 
hetero bipolar transistor where the base area (6) is formed with 
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an emitter region (5) and a hetero bond, the emitter area (5) is 
formed with InP and the semiconductor is formed on the InP 
substrate. The base area (6) of the hetero bipolar transistor is 
formed from a molecular layer of the InGaAs and a molecular 
layer of InP. The band structure is a slim lattice structure 
displaying a band structure of a uniform composition. The 
average composition ratio of the InGaAs in the said ultra 
lattice structure consists of the slim lattice structure that 
increases in the direction of the corrector from the emitter 
side. The collector area (7) of aforementioned hetero bipolar 
transistor is formed from a molecular layer of the InGaAs and a 
molecular layer of InP. The band structure is an slim lattice 
structure displaying a band structure of a uniform composition. 
The average composition ratio of the InGaAs in the said ultra 
lattice structure consists of the slim lattice structure that 
decreases as it is separated from the base area. 
[Claim 4] The slim lattice structure of the aforementioned base 
area (6) of the semiconductor device stated in any of the Claims 
1 to 3 is characterized in that a real hetero bond is formed 
with the emitter region formed with the InP. 
[Claim 5] In addition, the emitter region and the collector 
region of the semiconductor stated in any of the Claims 1, 2, 3 
and 4 consists of the InGaAs region of low resistivity. 
[Detail explanation of invention] 
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[0001] 

[Industrial field of use] The invention pertains to the 
semiconductor device. In particular, it pertains to a 
semiconductor device that is suitable for use in a integrated 
circuit consisting of a hetero bipolar transistor and a InP 
substrate is used. 

[0002] The hetero bond bipolar transistor has excellent points, 
such as high current amplifying rate can be obtained easily as 
compared to the homo bond bipolar transistor. In recent years, 
the research and development for this has increased. In 
particular, the focus has been on the InGaAs/InP hetero bond 
bipolar transistor using the InGaAs in the base and the InP in 
the emitter and the application is for high speed optical 
communication and the drive in the InGaAsP laser generating high 
current drive capability. 

[0003] 

[Prior Art] The conventional technology is explained by 
referring to figure 3. Figure 3(A) shows the bond structure of 
the homo bipolar transistor according to the conventional 
technology. 

[0004] It shows the case where the npn type homo bipolar 
transistor has the emitter, the base and the collector formed 
with the same material. In the homo bipolar transistor, the 
difference of the energy EV of the valence band and the energy 
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Ec of the conductance band in each region is almost the same. 
When the bias is applied in order between the emitter and the 
base, the electropotential of the base region in the electric 
potential of the emitter region that is shown in dotted line in 
the diagram goes down. When the energy in the base region is 
reduced to a certain position, the electrons from the emitter 
region is introduced into -the base region. The electrons 
introduced to the base region moves and disperses in the base 
region .and then reaches the collector region. 
[0005] Furthermore, correlating holes are produced in the 
emitter region from the base region simultaneously. This formed 
the base current. The action speed of such homo bipolar 
transistor is determined primarily by the travelling time until 
it reaches the collector region of low resistivity region after 
the electrons appear in the emitter region. When the bias 
voltage is applied in the collector region, the electric field 
is generated in the collector region. Since the carrier transfer 
is accelerated, the action speed is mainly determined by the 
transfer time in the base region. 

[0006] As the action speed is increased, the base region is 
narrowed, the base travelling time can be reduced effectively 
through the base region due to the dispersion of the carrier. 
Figure 3(B) shows 1 structure of the hetero bipolar transistor 
formed on the InP substrate. The emitter region is formed with 
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the n type InP. The base region. is formed with the p type 
InGaAs and the collector region is formed with the n type 
InGaAs. As compared to the band gap in the emitter region, the 
band gap of the base region and the collector region becomes 
narrow. Thus, the bias is applied on the base region. The 
electropotential shown in dotted line is reduced, the electrons 
are introduced from the emitter region to the base region but 
the introduction into the correlation holes from the base region 
to the emitter region at this time does not happen. Therefore, 
extremely high current amplifying rate cannot be realized. 
[0007] In addition, the transition rate of the electrons in the 
InGaAs is high, the electrons can be transferred at high speed. 
Therefore, the current interruption frequency fT exceeds 140 GHz 
so a high speed transistor can be realized. 

[0008] Furthermore,' since the band gap of the collector region 
is narrow, it is difficult to increase the collector voltage 
resistance. That is, when high voltage, is applied on the 
collector, the tunnel is generated in the collector region from 
the valent electron band in the base region. A3 
[0009] The structure of figure 3(B) has 1 hetero bond between 
the emitter region and the base region so it is called the 
single hetero bond bipolar transistor. Figure 3(C) shows the 2 nd 
structure of the hetero bipolar transistor obtained according to 
the conventional technology. 
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[0010] The emitter region is formed with the n type InP. The 
base region is formed with the p type InGaAs. The collector 
■region is formed with the n type InP. In this constitution, the 
emitter region and. the base region have the same constitution as 
that of figure 3(B), high current amplifying rate can be 
obtained . 

[0011] Also, since the collector region can be formed with InP 
of wide band gap, the collector voltage resistance can be 
increased . 
[0012] 

[The problems resolved by the invention] In the constitution 
shown in figures 3(A), (B) , (C) , the carriers move by dispersion 
in the base region. Thus, the base region travelling time is 
determined mainly by the base width and the dispersion speed of 
the carriers. When this is performed at high speed action, the 
base region becomes narrow and when the base region is narrowed, 
the base resistance is increased. The RC time constant in the 
base region charge electric circuit is increased. Thus, the high 
speed action cannot be realized. 

[0013] Also, the hetero bipolar transistor shown in figure 3(B) 
has high action speed and high current amplifying rate as 
compared to the homo bipolar transistor. However, as the band 
gap in the collector region is narrow, it is difficult for the 
collector voltage resistance to increase. Therefore, an example 
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of the discreet device is the voltage level shift at high speed 
but the element in the integrated circuit is insufficient in the 
collector voltage resistance. Thus, this becomes a problem when 
this transistor structure is used in the integrated circuit. 
[0014] The hetero bipolar transistor shown in figure 3(C) has 
high collector voltage resistance. The problem of the hetero 
bipolar transistor shown in figure 3(B) can be resolved. 
However, with the constitution shown in figure 3(C), when the 
base region is bias, the electric potential drops in the 
collector region as shown in dotted line. Thus, the electrons 
introduced to the base region from the emitter region are 
hindered by the electropotential hindering- wall at the 
collection region front surface. 

[0015] The purpose of the invention is to offer a high speed 
hetero bipolar transistor. Another purpose of the invention is 
to offer a hetero bipolar transistor of high collector voltage 
resistance . 
[0016] 

[Means for resolving the problems] The semiconductor is 
characterized as consisting of a hetero bipolar transistor where 
the base area is formed with an emitter region and a hetero 
bond, the emitter area is formed with InP and the semiconductor 
is formed on the InP substrate. The base area of the hetero 
bipolar transistor is formed from a molecular layer of the 
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InGaAs and a molecular layer of InP. The band structure is a 
slim lattice structure displaying a band structure of a uniform 
composition. The average composition ratio of the InGaAs in the 
said ultra lattice structure consists of the slim lattice 
structure that increases in the direction of the corrector from 
the emitter side. 

[0017] Also, the semiconductor is characterized as consisting of 
a hetero bipolar transistor where the base area is formed with 
an emitter region and a hetero bond, the emitter area is formed 
with InP and the semiconductor is formed on the InP substrate. 
The corrector area of aforementioned hetero bipolar transistor 
is formed from a molecular layer of the InGaAs and a molecular 
layer of InP. The band structure is a slim lattice structure 
displaying a band structure of a uniform composition. The 
average composition ratio of the InGaAs in the said ultra 
lattice structure consists of the slim lattice structure that 
decreases as it is separated from the base area. 

[0018] 

[Action] The base width is not narrowed. The base travelling 
time is increased so the accelerating electric field inside the 
base region (the drift electric field) is generated easily. 1 
method for generating the accelerating electric field inside the 
base region is to generate the electric field by the electric 
potential acting on the base region. In the InP/ InGaAs type 
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hetero bipolar transistor with the InP substrate, 1 method for 
generating the acting electric field is forming the base region 
with the InGaAsP crystals, it is preferred that the composition 
changes gradually inside the base region. 

[0019] However, it is extremely difficult to control accurately 
the ratio of the As and P and the In and Ga in the InGaAsP 
crystal mixture. In particular, in the hetero bipolar transistor 
for high speed action, the base width is at an order of below 
100 nm, it is extremely difficult to change the composition 
between this short distance. 

[0020] Also, the electric potential hindrance partition is not 
formed in the collector region, 1 method to improve the 
collector voltage resistance is to form a composition gradient 
in the collector region. The band gap is increased according to 
the separation from the base region. In the InP/InGaAs type 
hetero bipolar transistor, the collector region is formed with 
the InGaAsP. The composition is changed gradually inside the 
collector region. 

[0021] In addition, similar to the aforementioned, it is 
difficult to control accurately the composition of InGaAsP. In 
this case, sufficient slim lattice structure has properties that 
resembles the crystal mixture having the slim lattice structure 
composition as compared to the thickness of each layer that 
widens to the wave motion coefficient of the carrier. 
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Therefore, in the slim lattice structure, by changing the number 
of the structure molecular layer, the effect similar to the 
composition change in the crystal mixture can be increased. In 
this case, the composition inside this layer does not change. 
[0022] The slim lattice structure is. formed from the atom layer 
made from InP and the atom layer made from InGaAs. When the 
InGaAs component of average composition is made up in such a way 
that it increases in the direction of the collector side from 
the emitter side, the InP composition is reduced at the 
collector side as the composition of the InP is increased at the 
emitter side, the performance similar to the InGaAsP composition 
gradient crystal mixture can be obtained. /_4 
[0023] Thus, the drift electric field is generated inside the 
base region, carriers can be transferred at high speed. Also, 
the collector region is made from a molecular layer of InGaAs 
and the molecular layer of InP. That average composition is 
made in such as way that the InGaAs component decreases 
according to the separation from the base region, the electric 
potential hindering wall is not formed at the base region side 
and the collector region can be formed with high voltage 
resistance . 
[0024] 

[Implementation example] An implementation example of the 
invention is explained while referring to the diagrams shown 
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Therefore, in the slim lattice structure, by changing the number 
of the structure molecular layer, the effect similar to the 
composition change in the crystal mixture can be increased. In 
this case, the composition inside this layer does not change. 
[0022] The slim lattice structure is formed from the atom layer, 
made from InP and the atom layer made from InGaAs. When the 
InGaAs component of average composition is made up in such a way 
that it increases in the direction of the collector side from 
the emitter side, the InP composition is reduced at the 
collector side as the composition of the InP is increased at the 
emitter side, the performance similar to the InGaAsP composition 
gradient crystal mixture can be obtained. /_4 
[0023] Thus, the drift electric field is generated inside the 
base region, carriers can be transferred at high speed. Also, 
the collector region is made from a molecular layer of InGaAs 
and the molecular layer of InP. That average composition is 
made in such as way that the InGaAs component decreases 
according to the separation from the base region, the electric 
potential hindering wall is not formed at . the base region side 
and the collector region can be formed with high voltage 
resistance. 
[0024] 

[Implementation example] An implementation example of the 
invention is explained while referring to the diagrams shown 
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below. Figure 1 (A) is the model diagram for explaining the 
property of the slim lattice SL. The slim lattice structure 2 is 
arranged with both the molecular layer arranged alternately 
between the InGaAsI region and the InP region 3. In addition, 
in this slim lattice structure 2, the ratio of the molecular 
layer number made from InGaAs and the InP molecular layer number 
changes gradually. InGaAs component is increased in the InGaAs 
region side. The InP component is increased at the InP region 
side. Then, the band structure in the slim lattice structure is 
as shown in the dotted lines Eco and Evo which are determined to 
be the average composition. That is, the InGaAs molecular layer 
and the InP molecular layer are laminated and the properties 
similar to the InGaAs crystal mixture can be realized. 
[0025] Figure 1(B) shows the case when such a slim lattice 
structure is used in the base region of the hetero bipolar 
transistor. The emitter region 5 is formed with the InP and the 
collector region 7 is formed with InGaAs. Furthermore, the 
composition of this collector region is selected so the lattice 
matches the InP substrate. The base region 6 is formed with a 
slim lattice lamination that intersects alternately with the InP 
molecular layer and the InGaAs molecular layer. In addition, 
that average composition is changed gradually. That is, at the 
part that contacts the emitter region of the base region, the P 
component of the InGaAsP is set to increase and it is selected 
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so the P component decreases according to the direction at the 
collector side. The energy Eco of the resembling conductance 
band is shown in dotted line by this average composition change, 
it is reduced gradually according to the direction in the 
collector region inside the base region. 

[0026] At this time, the drift electric field is generated in 
the base region. The carrier introduced into the base region 
from the emitter region is accelerated by the drift electric 
field. It is transferred at high speed in the direction of the 
collector region. Furthermore, the InP component in the emitter 
region side of the base region 6 ■ is maintained above a certain 
number, the advantages of a real hetero bipolar transistor can 
be obtained. 

[0027] Figure 1(C) shows the structure of the aforementioned 
slim lattice structure used in the collector region. The part 
that touches the base region of the collector region 7 is formed 
with a slim lattice structure laminated with InP molecular layer 
and a InGaAs molecular layer. In addition, in this slim lattice 
structure, the InP component is increased according to the 
separation of the average composition from the base region. 
Therefore, the resembling conductance band energy Eco inside 
this slim lattice structure is increased gradually as shown in 
dotted line. 
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[0028] The electric potential hindering wall is not generated in 
the part touching the base region of the corrector region by 
having the above described constitution. The collector voltage 
resistance can be increased by increasing gradually the band gap 
of the collector region according to the separation from the 
base region. 

[0029] Furthermore, it becomes the InP region in the collector 
region that is separated from the base region. Figure 2 shows 
the constitution of the hetero bipolar transistor according to a 
specific implementation example of the invention. 

[0030] Figure 2(A) shows the cross section constitution. Figure 
2(B) shows the plan view constitution. The n+ type InGaAs layer 
12 for forming the ohmic collector is formed on top of the semi- 
insulated InP substrate 11. The collector region 13 that is 
formed from the n- type slim lattice region 13b and the n- type 
InP region 13a are laminated on the top of this. In the n- type 
slim lattice layer 13b is shown in figure 1(C), the InP 
component is formed with the InP/InGaAs slim lattice layer that 
it will increases gradually according to the separation from the 
base region. For example, 1 unit of the slim lattice is formed 
with 10 molecular layers. The number of InP molecular layer in 
each unit is increased gradually from 2, 4, 8, 10 facing down 
from the top (the order of the epitaxial growth becomes 
reverse) . Furthermore, each unit to match the thickness of the 
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collector region is repeated a certain number of rounds and the 
composition is changed gradually- For example, by repeating 3 
rounds (2,2,4) and (4,4,4). For the thickness of the 1 unit of 
the slim lattice, the wave motion function in each unit must 
reach several tens of units. For example, 1 unit becomes the 10 
molecular layer. 

[0031] The base region 14 formed with the p type slim lattice is 
arranged on top of the collector region 13. This p type base 
region 14 is formed with a composition gradient slim lattice 
region as shown in figure 1(B). For example, 1 unit becomes 10 
molecular layers. Sufficient InGaAs composition ratio at the top 
surface can be obtained which is an advantage with the hetero 
bipolar transistor. Also, sufficient acting electric potential 
gradient can be generated according to the direction in the 
collector side. 

[0032] For example, the mole ratio of InGaAs is 0.4 at the 
emitter side and the value of close to 1 is selected at the 
collector side. The width of the base region 14 becomes 50 - 70 
nm. In the base width, the InGaAs component in the average 
composition of the slim lattice is increased gradually in the 
direction of the collector side from the emitter side. The 
emitter region 15 made from the n+ InGaAs layer 15b is formed so 
the ohmic contact and the n type InP layer 15a can be formed 
easily on the top of the p type base region 14. 
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[0033] Thus, a hetero bond is formed in the emitter region 15 
and the base region 14. The composition in a part of the base 
region 14 and the collector region 13 changes gradually, the 
hetero bipolar transistor is formed. 

[0034] The collector electrode 16 is formed on the top surface 
of the n+ type InGaAs- layer 12. The base electrode 17 is formed 
on the top surface of the p type base region 14. The emitter 
electrode 18 is formed on the top of the n+ type InGaAs layer 
15b. 

[0035] The region that forms these electrodes is formed in 
gradual steps so sufficient surface. area is exposed to the 
electrode formation as shown in figure 2(B). For example, the 
plan view of the emitter region 15 becomes the size of about 4 x 
6 jam. 

[0036] 1 unit of the slim lattice is below the 10 molecular 
layer numbers. A slim lattice structure can be formed that can 
generate the same effect as the composition gradient crystal 
mixture by laminating the slim lattice unit that changes 
gradually but not having the same composition. The composition 
gradient can be any desired shape, the linear form as indicated 
by the function change. 

[0037] The impurities concentration of the n+ type InGaAs layer 
becomes the 10' power of 19 cm" 3 and the impurities concentration 
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of the n- type InP region 13 becomes 10 power 17 cm" 3 . Also, in 
the slim lattice structure, to increase the impurities 
concentration in the InGaAs molecular layer, the impurities 
concentration of the InP molecular layer is set to low and a 
desired impurities concentration can be obtained as a whole. 
[0038] The semiconductor device shown in figure 2 can be 
produced according to the processes shown below. A semi- 
insulated InP substrate 11 is placed inside a Metal organic 
chemical vapor deposition (MOCVD) device where the atom layer 
epitaxial growth (ALE) can grow. The source gas used are the 
trimethyl indium for In, triethyl galium for Ga and alcin for As 
and phosphine for P and H2 as the carrier gas. These source 
gases are supplied to the top of the substrate and controlled 
selectively. The MOCVD growth or the ALE growth is carried out. 
For example, during the MOCVD growth, the substrate temperature 
is set to about 600 degree C. If required, the source gas can be 
supplied simultaneously. During the ALE growth, the substrate 
temperature is set to 350 degree C. The gas can be exchanged if 
necessary during the molecular layer growth. 

[0039] A laminated structure is formed as shown in figure 2(A) 
by the growth formation. An etching mask is formed and the part 
that remains can be etched. The slim lattice structure inside 
the collector region is formed into a thickness of about 200 nm. 
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The base region slim lattice is formed into a thickness of about 
50 nm. 

[0040] The base region cannot be formed too thin by the hetero 
bipolar . transistor as described above, the base travelling time 
of the carriers can be reduced. Also, the electric potential 
hindering wall is not generated inside the collector region, the 
collector voltage resistance can be increased. 
[0041] Other semiconductor elements can be formed on the same 
InP substrate 11, for example, the optical receiving element and 
optical emitting element. The optical electrical integrated 
circuit (OEIC) can be obtained. The invention is explained 
according to the aforementioned implementation example but the 
invention is not limited to these implementation examples. For 
example various modifications, improvements and combinations can 
be implemented. 
[0042] 

[Effect of invention] According to the invention as explained 
above, a drift electric field can be generated inside the base 
region in the hetero bipolar transistor. 

[0043] Thus, hetero bipolar transistor of high speed action can 
be offered. Also, electric potential having a block wall is not 
generated inside the collector region. A hetero bipolar 
transistor can be offered with improved collector voltage 
resistance . 
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[0044] Thus, the integrated circuit of the hetero bipolar 
transistor can be obtained easily. 
[Brief explanation of the diagrams] 

[Figure 1] The implementation example of the invention is 
explained using this diagram. Figure 1 (A) is the diagram showing 
the band structure for explaining the property of the slim 
lattice. Figure 1(B) is the diagram used for explaining the 
property of the base region formed with the slim structure. 
Figure 1(C) is the diagram for explaining the property of the 
collector region ■ formed with the slim lattice. 

[Figure 2] This is the diagram showing the semiconductor device 
according to the implementation example of the invention. Figure 
2(A) is the cross section and figure 2 (B) is the plan view. 
[Figure 3] This is the diagram used for explaining the bipolar 
transistor according to the conventional technology. Figure 
3(A) is the diagram' showing the band structure of the homo 
bipolar transistor. Figure 3(B) is the diagram for explaining 
the 1 st constitution of the hetero bipolar transistor. Figure 
3(C) is the diagram for explaining the 2 nd constitution of the 
hetero bipolar transistor. 
[Description of the symbols] 

7.13 collector region 

6.14 base region 

5.15 emitter region 
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Figure 1 

Implementation example 

(A) Properties of slim lattice (SL) 

(B) SL base region 

Emitter. 5, base 6, collector 7 

(C) SL collector region 

Base region 6, collector region 7 
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Implementation example 
(A) Cross section 
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(B) Plan view 
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Prior Art 

(A) homo bipolar transistor 

(B) hetero bipolar transistor I 

(C) hetero bipolar transistor II 
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